Background: Tumour hypoxia, which is frequent in many cancer types, is associated with treatment resistance and poor prognosis. The role of hypoxia in surgically treated bladder cancer (BC) is not well described. We studied the role of hypoxia in two independent series of urothelial bladder cancers treated with radical cystectomy. Methods: 279 patients from the University Hospital Network (UHN), Toronto, Canada, and Turku University, Finland were studied. Hypoxia biomarkers (HIF1-␣, CAIX, GLUT-1) and proliferation marker Ki-67 were analyzed with immunohistochemistry using defined tissue microarrays. Kaplan-Meier methods and Cox proportional hazards regression models were used to investigate prognostic role of the factors. Results: In univariate analyses, strong GLUT-1 positivity and a high Ki-67 index were associated with poor survival. In multivariate model containing clinical prognostic variables, GLUT-1 was an independent prognostic factor associated with worse disease-specific survival (HR 2.9, 95%CI 0.7-12.6, Wald p = 0.15 in the Toronto cohort and HR 3.2, 95%CI 1.3-7.5, Wald p = 0.0085 in the Turku cohort). Conclusion: GLUT-1 is frequently upregulated and is an independent prognostic factor in surgically treated bladder cancer. Further studies are needed to evaluate the potential role of hypoxia-based and targeted therapies in hypoxic bladder tumours.
INTRODUCTION
Muscle-invasive, high-grade urothelial carcinoma of the urinary bladder is an aggressive malignancy. An important curative treatment is radical cystectomy (RC), pelvic lymph node dissection (PLND) and perioperative chemotherapy. However, survival continues to be compromised by the presence of micrometastatic disease at the time of surgery. Up to 40-50% of bladder cancer (BC) patients with non-organ confined tumours and 60-80% with node metastases will die of disease [1, 2] . Compared to other solid tumours such as breast, colon or lung, the current clinical management of BC is lagging behind in terms of clinically robust and validated biomarkers that can identify patients at a high risk of disease recurrence after radical surgery. A better understanding of BC molecular biology has opened new avenues, especially with milestone projects like the Cancer Genome Atlas Project (TCGA) [3] . Genomic-based signatures that can better identify patients at risk for recurrence than clinical models alone, have been recently developed and validated [4] .
Most solid tumours show intratumoural heterogeneity with respect to tumour oxygenation. High levels of tumour hypoxia are associated with poor prognosis in many cancer types [5] . This may be due to local and systemic treatment resistance through decreased apoptosis, increased genetic instability leading to a mutational phenotype, and increased capacity for metastatic spread due to altered gene expression and increased angiogenesis [6, 7] . Many studies have suggested that direct measurements of pO2 in tumours or indirect staining for tumour hypoxia markers (E.g. HIF1a-related markers) in situ can predict outcome following radiation therapy or surgery [6, 8, 9] .
Indirect tumour hypoxia may be measured with immunohistochemistry using antibodies against intrinsic hypoxia biomarkers, such as hypoxia inducible factor-␣ (HIF1-␣), carbonic anhydrase IC (CAIX), and glucose transporter-1 (GLUT-1). Whereas HIF1-␣ expression is rapidly induced in acute hypoxia, prolonged hypoxia is most likely required in order to induce detectable CAIX and GLUT-1 expression [6, 10] . More advanced analyses include measurement of systemically administered extrinsic hypoxia markers, 2-nitroimadazoles, such as pimonidazole, which undergo detectable structural changes under hypoxic conditions. Radiolabeled 2-nitroimadazoles may also be detected with positron emission tomography (PET) [5, 11] .
Hypoxia is known to have an impact on treatment outcome in BC, especially on the effect of radiation. Hoskin and coworkers demonstrated in the BCON trial that hypoxia modification improves overall survival among BC patients undergoing radiation [12] . Furthermore, patient benefitting most from hypoxia modification may be identified with indirect hypoxia measurement, e.g. immunostaining for HIF1-␣, as demonstrated by Hunter and coworkers using BCON trail material [13] . As the role of hypoxia is less known in surgically treated patients, we aimed to evaluate the potential role of hypoxia biomarkers measured with immunohistochemistry as prognostic factors for survival after radical surgery in two independent BC series.
MATERIAL AND METHODS

Patient inclusion criteria and characteristics
Two radical cystectomy cohorts (University Health Network (UHN), Toronto, Canada and University of Turku, Turku, Finland) were studied after research ethical board (REB) approval. After initial exclusion of 24 cases (6 patients with non-urothelial cancer and 18 patients with failed immunohistological analysis), the final study cohort included 279 patients selected with long follow-ups available: 99 cases up to 2008 (UHN) and 180 cases up to 2005 (University of Turku). Only urothelial BCs treated with radical cystectomy without neoadjuvant therapy were included in the study. There was a substantial difference in the practice of PLND between the two centers. In Turku, PLND was not performed before 1995, and a limited PLND was performed from 1995. In Toronto, most patients underwent extended PLND (cranial boundary of dissection being either the aortic bifurcation or mid common iliac vessels). After the surgery, patients were followed every 3 months for the first year and semi-annually thereafter.
Detailed clinicopathological data were collected retrospectively regarding general patient history (gender, age, smoking history), tumour characteristics (grade, stage, nodal status, lymphovascular invasion (LVI)), details of treatment (surgery, adjuvant therapy) and clinical follow-up (date of possible disease recurrence, last follow-up visit or death, and cause of death). Survival data were obtained from patient charts and hospital registries and confirmed from cancer registries and governmental death registries. Any death with recurrent or metastatic BC was defined as cancerspecific mortality.
Tissue microarray (TMA) construction and staining analyses
Tissue microarrays (TMAs) were independently constructed from archival formalin-fixed, paraffinembedded donor blocks from radical cystectomy specimens collected at both institutions. For this study, expert GU-pathologists re-reviewed the radical cystectomy slides to confirm the histological tumour type, grade and TNM-stage in each case. From each donor block, two cores were included in the recipient block in Toronto TMA and three corer per patient were included in the Turku cohort. H&E sections from the each TMA block were reviewed by a GU pathologist (AE), to confirm the presence of urothelial carcinoma in each TMA core. TMA cores that lacked tumour were not included in the analysis.
For the IHC staining, 5 m sections from the TMA blocks were used to evaluate staining for hypoxia biomarkers (HIF1␣, CAIX, GLUT-1) and proliferation index (Ki-67). Staining for HIF-1-alpha was done with a mouse monoclonal anti-HIF-1-alpha antibody (BD Transduction Lab /610959) at a dilution of 1:200, with overnight incubation. Each core was assessed for cytoplasmic HIF-1-alpha expression and scored as 0 = no staining; 1 = positive staining. HIF-1-alpha was assessed in terms of cytoplasmic, rather than nuclear, staining, since the cytoplasmic staining has been reported to be a stronger predictor of outcome, than nuclear staining [14] . Tissue from a Siha cervix cancer xenograft was used as a positive control. Staining for GLUT-1 was detected using a rabbit polyclonal anti-GLUT-1 antibody (Dako/A3536) at a dilution of 1:2000, with overnight incubation. Red blood cells were used as positive control.
Each core was assessed for GLUT-1 expression and scored as 0 = no staining; 1 = weak expression; 2 = intermediate expression; and 3 = strong expression. Staining for CaIX was done using a mouse monoclonal anti-CaIX antibody (Bayer/MN75) at a dilution of 1:200, with overnight incubation, as described previously [15] . Each core was assessed for CaIX expression and scored as 0 = no staining; 1 = weak expression; 2 = intermediate expression; and 3 = strong expression. Proliferation marker Ki-67 was detected with a rabbit monoclonal anti-Ki-67 antibody (NeoMarker/Sp6). Colon cancer tissue was used as a positive control. Each core was assessed for Ki-67 expression and scored as percentage of positive cancer cells. For all markers, experiments were repeated without the primary antibody as a negative control. Cores with insufficient numbers of identifiable cancer cells were excluded.
Three independent reviewers, who received training from an expert GU pathologist (AE), at UHN, Toronto, graded the IHC results. All three reviewers were blinded to patient outcome. Only identifiable areas of urothelial carcinoma within each core were scored. Each reviewer scored all TMA cores. A final score for each core was reached by a consensus of the three scores. Cores for which a consensus could not be reached between the three reviewers were reviewed and scored by the expert GU pathologist. For patients who had intra-patient heterogeneity in scoring between different cores, the worst or highest score for each patient was used, based on the a-priori assumption that tumour behaviour would be more closely associated with the presence of highly hypoxic regions than with the average oxygenation.
Statistical analyses
The difference in marker distribution between the two study cohorts were estimated with Fisher's exact test for categorical data (HIF1␣, GLUT-1, and CAIX score) and Mann-Whitney test was used to compare the median Ki-67 score between the two cohorts. Associations between different biomarkers were estimated using the Fisher's exact test for categorical biomarkers (GLUT-1, HIF1␣, and CAIX) and the Mann-Whitney test for the continuous Ki-67 biomarker. The association of clinicopathological variables and biomarkers with disease-specific survival (DSS) was estimated using the Kaplan-Meier method, the log-rank test, and univariate and multivariate Cox proportional hazards regression models. For the multivariate analysis, the best clinical model was chosen by first fitting Cox proportional hazards regression model with gender, LVI, CIS, grade, T-category (modeled as T3/T4 vs T1/T2), and nodal status for DSS. Biomarkers significant in the univariate analysis were added to the model. Two sided p-values of 0.05 were used to assess statistical significance. All statistical analyses were performed using the open-source software R 2.12.1 and SAS version 9.2.
RESULTS
Basic clinicopathological characteristics of the two study cohorts are presented in Table 1 . A total of 279 patients (99 from Toronto, UHN and 180 from the University of Turku) were included in the analyses. The median follow-up was 3.6 and 8.5 years in the Toronto and Turku cohorts, respectively. In both cohorts, the majority of patients were males (77% and Abbreviations: CIS = carcinoma in citu; LVI = lymphovascular invasion; NED = no evidence of disease. 81%). Median age was 68 and 65 years in Toronto, and Turku, respectively and most patients had a history of smoking (62% and 52%). The majority of tumours were high grade (93% and 85%).
In the Toronto cohort, all patients underwent PLND with nodal metastases detected in 26% of cases. In the Turku cohort, PLND was performed in 37% of patients with 7% being node positive. In the Toronto cohort, 50% of tumours were pT3-4 (compared to 32% in University of Turku cohort) and 23% of patients received adjuvant chemotherapy (versus 1% in Turku). The frequency of carcinoma in situ (48% and 35% in Toronto, Turku cohorts, respectively) and LVI (37% and 38%) were similar in both cohorts.
Representative examples of positive IHC staining of the hypoxia markers HIF1-␣, CAIX and GLUT-1 are presented in Fig. 1 . Marker scoring results and distribution of the IHC staining in the two cohorts are presented in Fig. 2 and Table 2 . CAIX staining was negative in 67% of cases (71% in Toronto and 65% in Turku cohorts, respectively). In the total study population, weak, intermediate, or strong CAIX staining was noted in 16%, 11%, and 6% of cases respectively. HIF1-␣ staining was positive in only 8% of cases in both study cohorts. GLUT-1 staining was detected in 79% of cases. The staining was weak, moderate and strong in 42%, 27%, and 9%, of the cases, respectively. No significant differences were noted in the hypoxia marker intensity distributions in the two cohorts (Fig. 2) . The Ki-67 proliferation index was non-significantly higher in Toronto cohort (Mann-Whitney test p = 0.144). Table 3 presents the association between different biomarkers. In both cohorts a significant association was found between CAIX and GLUT-1. Patients who stained positive for CAIX also tended to stain positive for GLUT-1. A significant association between Ki-67 and GLUT-1 was also observed as higher values of Ki-67 stains were noted for GLUT-1 positive stains.
The associations between the clinicopathological variables and biomarkers were studied using KaplanMeier plots, the log-rank test and Cox proportional hazards regression models. In both cohorts, high Tcategory, nodal metastases and presence of LVI were associated with increased disease-specific mortality risk (Table 4) . Of the hypoxia markers, HIF1-␣ and CAIX were not associated with prognosis of either study cohorts. In contrast, positive GLUT-1 staining was associated with worse DSS in both cohorts and patients with most intense GLUT-1 staining had the worst survival (Fig. 3) .
As the GLUT-1 was the most interesting biomarker based on survival analyses, the association of GLUT-1 and clinicopathological variables was analyzed. The only variable with significant association with GLUT-1 immunosignal was tumor grade (p = 0.046). For the Cox proportional hazards regression model, the GLUT-1 signal was dichotomized (0 vs. +1 to +3). In univariate analyses, positive GLUT-1 signal was associated with HR for disease specific mortality of 3.8 (95%CI 0.9-16.2, log-rank p = 0.05), and 3.4 (95%CI 1.5-7.9, log-rank p = 0.0023), in the Toronto, and Turku cohorts, respectively (Table 4 ). Due to a limited sample size, the multivariate model for Toronto cohort included only two variables. When adjusted for T-category, GLUT-1 positive patients had HR of 2.9 (95%CI 0.7-12.6, Wald p = 0.15) for BC mortality ( Table 4 ). In the Turku cohort, when adjusted for Tcategory, nodal status and LVI, GLUT-1 positivity was associated with HR of 3.2 (95%CI 1.3-7.5, p = 0.0085) for disease-specific mortality (Table 4) . When the reproducibility of scoring GLUT-1 immunostaining was analyzed, kappa coefficient for the three reviewers was 0.74 indicating substantial agreement between different reviewers.
DISCUSSION
In the present study, we demonstrate that GLUT-1 (Glucose Transporter 1), a marker of tumour hypoxia, is frequently positive in urothelial BC based on two independent clinical radical cystectomy cohorts with differential patient characteristics and overall clinical management. Furthermore, GLUT-1 positivity (of any intensity) turned out as an independent predictor of poor survival after radical cystectomy.
Standard clinico-pathological parameters such as stage, nodal status or LVI were also independent predictors, as one would have expected, adding to the robustness of our findings. The use of 2 different cohorts with 2 different management approaches further supports that hypoxia independently stratifies patients at higher risk of faring poorly after cystectomy. We also should acknowledge the results between the two cohorts were slightly different. The GLUT-1 failed to be independent predictor of outcome in the Toronto cohort, which is likely due to the limited sample size in the Toronto cohort as the hazard ratios for disease specific mortality were very similar but the 95% CI´s were much wider in the smaller Toronto cohort. To our knowledge, this is the largest study investigating the prognostic role of GLUT-1 in BC.
GLUT-1 is a member of a transmembrane protein family and has been found to be upregulated in many tumour types. GLUT-1 has been demonstrated to be a reliable marker of tissue hypoxia [11] . Hoskin and coworkers demonstrated significant colocalization of GLUT-1 and pimonidazole, an extrinsic hypoxia marker [16] . In the same study, there was a significant correlation between GLUT-1 immunopositivity and poor survival in a univariate analysis among BC patients treated with external radiation therapy [16] .
Non-neoplastic bladder urothelium is typically negative for GLUT-1, but positive staining is frequently detected frequently in urothelial BC [17] . Chang and coworkers found detectable GLUT-1 immunosignaling in 60% (n = 42) of non-invasive, and in 68% (n = 31) of invasive urothelial cancers, which is comparable with the 79% positivity rate in our cohort in invasive/advanced tumours [18] . A number of small surgical series have also demonstrated in univariate analyses that GLUT-1 positivity is an adverse prognostic factor [19, 20] . Our findings therefore confirm this earlier data suggesting a potential independent prognostic value for GLUT-1.
In addition to GLUT-1, other hypoxia markers have been reported to be associated with patient outcomes in BC. Klatte and coworkers found carbonic anhydrase IX (CAIX) to be positive in 71% of cases in a large TMA study (143 TUR-BT and 178 radical cystectomy cases) [21] . CAIX was also independently associated with worse survival. Also HIF1-␣ has been reported to be frequently upregulated frequently (53%-66%) in both non-invasive and invasive BCs and to be associated with adverse outcome [22] [23] [24] . In our study only Fig. 3 . Univariate analyses of marker score association with disease-specific survival. For each hypoxia marker, Kaplan-Meier curves are presented for both study centers. For GLUT-1, in addition to detailed analysis on all intensity levels, also analysis for dichotomized (negative vs. any positive immunosignal) intensity scores are presented. P-values refer to log-rank test.
GLUT-1 was frequently detectable whereas CAIX, and HIF1-␣ were detected only in 23%, and 8% of cases, respectively. This may be related to differences in the IHC staining process, such as antigen retrieval methods and/or the antibodies used for GLUT-1, CAIX and HIF-1␣. There may have also been differences in the thresholds used to define positive staining. Nevertheless, the results together demonstrate that hypoxia is a frequent event in BC and is related to worse outcome following radical cystectomy. Hypoxia may select for a more aggressive phenotype associated with a higher risk for micrometastatic disease.
In addition to its prognostic value, hypoxia is extremely interesting as a potential treatment target in BC. As there is only limited sensitivity to cytotoxic agents such as cisplatin, novel agents are needed either in monotherapy or in combination with chemotherapy in the neo-adjuvant or adjuvant setting. Many available agents such as sunitinib and temsirolimus have potential activity against HIF and mammalian target of rapamycin (mTOR) pathway activation. Sunitinib has been demonstrated to be active against BC cells in vitro, but it failed to demonstrate activity in post first line chemotherapy setting [25, 26] . One possible approach is to combine HIF-and mTOR pathway inhibitors to cytotoxic agents and several such trials are planned or ongoing [27] . Another potential agent, especially in combination with chemotherapy, could be TH-302, hypoxia activated nitroimidazole prodrug of the cytotoxic alkylating agent bromoisophosphoramide mustard which has demonstrated potential efficacy in soft tissue sarcoma and pancreatic carcinoma [28, 29] . Future pre-clinical and clinical studies are warranted with these agents as a means to offset the adverse biology of hypoxic cells based on our clinical data.
CONCLUSIONS
This study demonstrates that GLUT-1 is frequently upregulated in urothelial BC treated with radical cystectomy and is an independent predictor of survival after surgery. Further larger multi-institutional validation trial is needed to investigate the true additional prognostic information provided by this biomarker.
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